was synthesized and densified using hot pressing in order to investigate the physical properties of this material. Both the thermal conductivity and the Seebeck coefficient of Cu 3 BiS 3 are reported for the first time in order to investigate the thermoelectric properties of this material. The ultralow thermal conductivity coupled with the relatively high Seebeck coefficient, 0.17 W/m-K and 540 lV/K at room temperature, respectively, suggest Cu 3 BiS 3 may show promise for thermoelectric applications.
INTRODUCTION
Analyses and investigations on Cu 3 BiS 3 , also known as Wittichenite, started in 1807, 1 and the phase diagram was reported shortly thereafter. 2, 3 Cu 3 BiS 3 has been synthesized in different forms, including nanocrystals, 4 single-crystals, 5 bulk polycrystallines, 6 and thin-films. [7] [8] [9] The optical bandgap of Cu 3 BiS 3 , 1-1.6 eV, makes it of interest as an absorber material for thin-film photovoltaics as well as a variety of other applications. 4, [10] [11] [12] Here, we investigate the physical properties of Cu 3 BiS 3 in the light of the search for good candidate materials for thermoelectric applications.
The specific material property requirements for good thermoelectric materials can be quantified by the dimensionless figure of merit ZT = S 2 T/qj. Here S is the Seebeck coefficient, which should be high in order to maintain a high voltage drop, q the electrical resistivity, which should be low in order to maintain a high current, T the absolute temperature, and j the total thermal conductivity, which should be low in order to maintain the temperature gradient, with j = j L + j E (j L and j E being the lattice and electronic contributions, respectively). Certain chalcogenides with similar bandgap values as Cu 3 BiS 3 have recently been investigated and shown to possess good thermoelectric properties. [13] [14] [15] [16] Related compositions, Cu 3 SbSe 3 for example, have been shown to be promising thermoelectric materials mainly due to intrinsically low j values as a result of anharmonicity due to lone-pair electrons. 17, 18 Very recently, it has been shown that lone-pair electrons exist in trivalent Bi in Bi-contained ternary chalcogenides. 19 Moreover, the larger difference in the mass between Bi and S, compared with that between Sb and Se, may presumably introduce more phonon scattering in Cu 3 BiS 3 compared with Cu 3 SbSe 3 . 20 We therefore investigated the transport properties of Cu 3 BiS 3 to provide a greater understanding of the fundamental properties of Cu 3 BiS 3 for potential energy-related applications.
EXPERIMENTAL
The material was prepared by reaction of the high purity elements. Cu powder (99.9%, Alfa Aesar), Bi powder (99.999%, Alfa Aesar), and S powder (99.99%, Alfa Aesar) were loaded into a silica ampoule in the atomic ratio of 3:1:3. The ampoule was sealed in quartz tubes under slight vacuum (0.1 Pa), heated to 593 K, and subsequently held at this temperature for 5 days before it was air quenched to room temperature. The product was then ground into powders, cold pressed into pellets and annealed under vacuum at 523 K for five weeks. The annealing process was repeated once more to ensure the homogeneity and phase purity of the specimen. The resulting pellet was ground into fine powders ( 325 mesh) and loaded into graphite dies for hot pressing. Densification was accomplished by hot pressing at 473 K and 180 MPa for 3 h under N 2 flow. A high density polycrystalline specimen (> 93% theoretical density) was obtained after hot pressing, as indicated by measurement of the dimensions and weight of the pellet.
X-ray diffraction (XRD) was used to examine the purity and homogeneity of the compound. Powder XRD data were collected with a Bruker D8 Focus diffractometer in Bragg-Brentano geometry using Cu Ka radiation and a graphite monochromator. The hot-pressed pellet was cut using a wire saw into parallelepipeds for transport measurements. High temperature j values were determined using the equation j = DaC p , where D is the density, a the thermal diffusivity, and C p the specific heat. Thermal diffusivity measurements employed the laser flash method in a flowing Ar environment with a NETZSCH LFA 457 system. The uncertainty in the thermal diffusivity measurements was 5%. Heat capacity C v was estimated by the Dulong-Petit limit (C v = 3nR, where n is the number of atoms per formula unit and R is the ideal gas constant). At high temperatures, this may result in an underestimate of C p thus affecting j; however, it is an oftenused method, since it eliminates the uncertainties associated with C p measurements. 21 High temperature S and q were measured with an ULVAC ZEM-3 system, with an experimental uncertainty of 5-8% for S and q at elevated temperatures.
RESULTS AND DISCUSSION
Cu 3 BiS 3 forms in orthorhombic symmetry with space group P2 1 2 1 2 1 .
1 Figure 1 shows the powder XRD pattern of Cu 3 BiS 3 together with the simulated pattern (JCP2:01-071-2115), indicating a phase-pure composition. Previous reports indicate that Cu 3 BiS 3 has an indirect bandgap ranging from 1 eV to 1.6 eV. 4, 10, 12 The flat dispersion of the lowest conduction band and the non-parabolic band structure contribute to the variation of the different values for the bandgap using different methods. 17,22 The ''partial-liquid-like'' behavior of Cu, weakly bonded to the rest of the lattice therefore easily ''oscillates'' along the zdirection with a large vibrational amplitude, and was reported to partly block heat transport and contribute to the low j values for Cu 3 SbSe 3 . 17 Furthermore, the Sb 5s electrons form lone-pair electrons that orient relatively ''freely'' compared with the Sb 5p electrons in Cu 3 SbSe 3 , introducing anharmonicity in the lattice. 22 In both cases, a large Grü neisen parameter can be expected which is a key factor for low j values. Due to the similar crystal structure between the two compounds, the ''partial-liquid-like'' Cu and lone-pair electrons will presumably also result in very low j values for Cu 3 BiS 3 . Moreover, it has been reported that in Bibased ternary chalcogenides the bond anharmonicity may result in an increase in the Grü neisen parameter, and therefore even lower j values. 19 Compared to the j values for Cu 3 SbSe 3 , 0.6 W/m-K at room temperature, 17 Cu 3 BiS 3 shows even lower j in the entire measured temperature range. Figure 3 shows the temperature dependent q (a) and S (b) of Cu 3 BiS 3 . The q values decrease with increasing temperature, indicating typical semiconductor behavior. The room temperature q value, 1.4 9 10 5 mX-cm, is in the same order of magnitude as in a previous study. 6 The S values show a relatively flat temperature dependence in the measured temperature range. These high S values agree with the room temperature measurement reported by Mesa et al. 11 The high q values result in low ZT as shown in Fig. 4 . Nevertheless, due to the fact that Cu 3 BiS 3 is composed of relatively inexpensive and earth abundant elements, and the very low j as well as high S reported here, this material may be a good potential thermoelectric material as the power factor, PF = S 2 /q, can be tailored favorably by tuning through appropriate doping. 20 For instance, Se doping significantly increases PF of Cu 2 S, 23 and Cu-excess and Gadoping resulted in improved PF, as well as higher ZT, in Cu 2 ZnSnSe 4 .
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CONCLUSIONS
We have synthesized polycrystalline Cu 3 BiS 3 by reaction of the elements and hot pressed the material into a dense bulk pellet in order to investigate its physical properties. Both j and S values are reported here for the first time. Cu 3 BiS 3 has an ultralow j, 0.17 W/m-K at room temperature, indicating a large Grü neisen parameter presumably due to the ''partial-liquid-like'' nature of Cu together with lone-pair electron formation. The relatively large bandgap and flat band structure contribute to the large S values. The combination of very low j and high S makes Cu 3 BiS 3 a potential candidate for thermoelectrics as the q could be significantly reduced through appropriate doping. The findings in this work lay the foundation for a more detailed understanding of the physical properties of Cu 3 BiS 3 , and is part of the continuing effort to investigate new materials that possess low j for potential energy-related applications.
